INTRODUCTION
Composite-to-metal tubular lap joints are used in applications ranging fiom joining composite drive shafts to metal end fittings in automobiles to joining composite blades to metal hubs in wind turbines. These joints are often held together with a structural adhesive. Because wind turbine joints have been observed to fail short of their design life, studies have been conducted to gain an understanding of the static and fatigue behavior of tubular composite-tometal joints [l-31. Hysol EA-9394 structural adhesive was used in the joints that were tested and analyzed in these studies. Analysis of such joints require a knowledge of the mechanical behavior of the adhesive. Tension, compression stress relaxation, flexural, butt tensile, and fracture toughness tests were performed to characterize the Hysol EA-9394 adhesive.
Experimental procedures and results are presented in this test report.
MATERIAL
Dexter Corporation's Hysol EA-9394 is an amine-cured epoxy paste adhesive with an aluminum powder filler. This adhesive combines high temperature performance with strength and toughness; it can be cured at room temperature. Specimens in this study are cured at room temperature for a minumum of seven days prior to testing and all mechanical tests are performed at room temperature (w22OC). The adhesive has a density of 1.38 g/cc, a porosity of about 6%, a glass transition temperature of 82°C and a coefficient of thermal expansion of approximately 60
x "C-' (between -30°C and 7OOC).
Scanning Electron Microscope (SEM) inspection of fracture surfaces reveals that our specimens contain porosity throughout ( Figure 1 ). Comparisons between the microstructure of EA-9394 samples prepared at SNL/NM and those prepared at Hysol show that the microstructrues are very similar; no distinct differences are detected. Based on these results, we conclude that SNL/NM is processing the adhesive correctly and that the material inherently contains porosity throughout. Even with this porosity, EA-9394 performs as advertised.
EXPERIMENTAL PROCEDURES AND RESULTS

TENSION
Static Tests
Flat dogbone tension specimens are molded to final nominal dimensions of 6.5 inches length, 0.75 inch width, and 0.20 inch thickness. In the reduced-size gage section the width is 0.5 inch and length is 2.25 inches. Specimens are instrumented with a 2.0-inch extensometer in the gage section to measure strain. Testing procedures follow the guidelines in ASTM D-638, the Figure 2 ; the response is nonlinear. Initial elastic moduli are taken as the tangent values of the stress-strain curves between 100 psi and 1500 psi; these moduli are listed in Table 1 . .
COMPRESSION
Stress Relaxation Tests
Adhesive compression stress relaxation behavior is measured using strain-gaged, cast cylindrical specimens (height/diameter = 2) tested in axial compression. Testing procedures follow the guidelines in ASTM D-695, the Standard Method of Test for Compressive Properties of Rigid Plastics. Specimens of 1.13 inches height and 0.56 inch diameter are placed in a subpress within an Instron test frame to minimize misalignment. In the stress relaxation tests, specimens are first loaded to some fraction of the compression yield strength. Crosshead displacement is then held constant while stress decay is monitored for thirty minutes. Following the thirty minute hold, those specimen initially loaded to yield are reloaded until the material yields for the second time. Figure 3 shows a typical stress-strain response of a specimen with an initial loading rate of 0.0003 s-' and a second loading at 0.003 s-l after the thirty minute stress relaxation.
The stress relaxation tests are used to obtain stress-strain responses as well as time dependent stess relaxation. Typical compression stress-strain responses to yield are shown in Figure 4 for specimens loaded at strain rates of 0.003,0.0003, and 0.00003 s-'. Yield strength is defined as the peak stress attained during compression loading. These curves display substantial nonlinearity prior to maximum stress. Compression yield strength, initial modulus and Poisson's ratio data are listed in Table 2 . Three different strain rates are used for the initial loading of the specimens loaded to yield; however, these specimens are all reloaded at a single strain rate.
Stress-time histories for specimens initially loaded at three different strain rates and reloaded at 0.003s-' are shown Figure 5 . Stress-time histories for specimens initially loaded to 25%, 50%, 75%, and 100% of yield strength are illustrated in Figure 6 . Table 2 data shows that on initial loading Hysol EA-9394 has an average Young's modulus of about 0 . 5 9~1 0~ psi and a Poisson's ratio of 0.37. Initial yield stress increases with increasing strain rate from 0=9250 psi at ~=0.00003 s-l to 0=11,400 psi at ~=0.003 s-' . On second loading at a strain rate of 0.003s-', following the 30 minute hold, the compression peak stress reaches a value of about 12,400 psi, =9% greater than the1 1,400 psi yield strength for an initial loading with the same strain rate. Figure 6 illustrates the magnitude of stress relaxation for specimens initally loaded to different fractions of yield. After a 30 minute hold on crosshead displacement, compressive stresses decay by about 34%, 17%, 7% and 6% in specimens initially stressed to 1 OO%, 75%, 50% and 25% of yield, respectively. These results suggest a nonlinear viscoelastic behavior. As the applied stress approaches the yield strength, stress relaxation is increasingly pronounced.
FLEXURE TESTS
Testing procedures for four-point bending tests follow the guidelines in ASTM D-790, the Standard Test Methods for Flexural Properties of Plastics and Electrical Insulating Materials.
Hysol EA-9394 bars of 0.50 inch width and 0.20 inch thickness are loaded in four-point bend using support and load spans of 3.0 and 1 .O inches, respectively. Biaxial strain gages are bonded to the tension and compression surfaces; a crosshead speed of 0.17 inchlminute produces a flexural strain rate of about 0.0003s-' in the specimen. Typical flexural moment-strain responses on the tension and compression surfaces are shown in Figure 7 ; values of initial flexural modulus and Poisson's ratio are listed in Table 3 . These curves suggest yield on the tensile side first and a tensile yield strength lower than the compression yield strength. Values of flexural modulus (Table 3) are slightly higher than the tensile and compressive moduli (Tables 1 and 2) for specimens loaded at identical strain rates of 0.0003s"; values of flexural Poisson's ratio are slightly lower.
BUTT TENSILE TESTS
Butt tensile tests are conducted to complement modeling studies of the strength of bonded joints [4, 5] . This reference used a relation defining the interface corner stress intensity factor K of an idealized butt joint composed of a thin, brittle (linear) adhesive layer fixed between rigid adherends and subjected to a transverse tension loading to predict joint failure. This relation indicates that if failure ocurs at a critical K value, joint strength should vary as the reciprocal of the cube root of bond thickness. Butt joints fabricated using a brittle unfilled adhesive have been tested, and measured strengths of these joints do show the predicted thickness effect [4, 5] . Joints fabricated using a more ductile adhesive, the Hysol EA-9394, show relatively less variation in joint strength with bond thickness. The Hysol EA-9394 butt joint tests are described in the following section.
Butt tensile specimens are used to measure joint strength as a function of adhesive bond layer thickness. In essence, the joint specimen bonds two 303 stainless steel rods end-to-end with a layer of Hysol EA-9394 epoxy adhesive. The stainless steel rods (adherends) are solid cylinders (1.13 inches diameter by 1.5 inches length) that have been precision machined to guarantee that the ends are flat and perpendicular to the cylinder axis. A transverse hole drilled through each adherend is used to pin completed specimens into a load train for testing.
Butt tensile joint specimens are assembled using fixtures specially designed to ensure alignment of the two adherends and precise control of the adhesive layer bond thickness. Major components of the fixturing are a V-block to ensure axial alignment of the adherends, an aluminum holder to secure the V-block and a digital micrometer for setting bond thickness. The ends of adherends are sandblasted and then chemically cleaned prior to bonding. Chemical cleaning consists of a trichloroethylene rinse followed by an alcohol wipe and then air blow drying. Thickness of the bond layer is determined by calculating the difference between the final specimen length and the initial total length of the two adherends.
Static and stress rupture butt tensile tests on specimens with nominal bondline thicknesses of 0.025,0.050. and 0.100 inch were conducted in a 100,000 pound capacity electrohydraulic load fiame. The load train utilizes a chain linkage attached to the specimen via a pinned clevis. The static failure tests are loaded at a crosshead displacement rate of 0.5 idminute, with a time to failure ranging between 15 and 19 seconds. The measured ratio of failure stress to time to fail is on the order of 400 psi/s. Stress rupture specimens are quickly loaded (z 12 s) to either 74%, 82% or 90% of static failure and the load is sustained until the bond fails or until the test is terminated by increasing the load to measure residual strength.
Butt tensile test results are listed in Table 4 (Table 4 and Figure 9 ). Times to failure as a function of applied stress are shown in Figure 10 . For a prescribed stress level, the joints w i t h the thicker bonds fail first. The results suggest that a joint with a 0.05 inch bond should not be subjected to a stress exceeding 70% of the static strength if it is to survive at least three hours.
Fractography examination of the failed joints indicates that failure always initiates adhesively (on the interface) along a small segment of the specimen periphery. This region of adhesive failure reaches no more than 0.20 inch into the specimen interior. Beyond this region, the failure is completely cohesive. This observation is consistent with failure initiated by high interface corner stresses.
FRACTURE TOUGHNESS TESTS
Fracture toughness is a measure of a material's ability to resist crack propagation. A singleedge-notched (SEN) specimen is used to measure the Mode I (opening mode) fracture toughness of bulk Hysol EA-9394 adhesive. An adhesively bonded end-notched-flexure (ENF) specimen is used to measure the Mode I1 (shear) static and fatigue critical energy release rates of the Hysol EA-9394 adhesive.
Sinple-Edpe-Notched (SEN) Tests
Fracture toughness parameters for the bulk Hysol EA-9394 adhesive are obtained from threepoint bend tests on single-edge-notched specimens (see Figure 11 ). Linear elastic fracture mechanics (LEFM) can be used to characterize the onset of Mode I crack growth from a preexisting crack as discussed in ASTM E-399, the Standard Test Methods for Plane Strain Fracture Toughness of Metallic Materials. This standard places a linearity criterion on the loaddisplacement response for the test to be valid; it will be shown that the EA-9394 specimens meet the linearity requirement. The Mode I stress intensity factor KI describes the state of stress in the vicinity of the tip of a crack as a function of specimen geometry, crack geometry and applied load. The load P at which a crack propagates from a pre-existing crack is used to determine KIc, the Mode I fracture toughness. An analytical expression for a single-edge-notched isotropic elastic specimen in three-point bending is given in ASTM E-399:
where P, , is the maximum load, S is the span, t is specimen thickness, d is specimen depth, initial crack length, and r = %/d is the ratio of initial crack length to specimen depth. is A sharp precrack is produced on one edge of rectangular bars of Hysol EA-9394 (t = 0.235 inch and d = 0.498 inch) using a procedure in which the sample is clamped, a single-edge razor blade is placed against the specimen and a 150 gram weight is dropped from a set height onto the razor blade. The resulting natural crack extends beyond the tip of the blade. The length of the precrack on each side of the specimen is measured by an optical comparator and the average of the two values is the initial crack length a, used in Eq. (2). An Instron 85 1 1 electrohydraulic machine, equipped with a three-point bend fixture is used to input and record the load to break.
The support span S is 2.0 inches. Specimen mid-span lateral deflection is measured as a fhction of applied load using an extensometer attached between the loading ram and the bend fixture.
A typical load-deflection curve is shown in Figure 12 and values of Mode I fracture toughness KIc are listed in Table 5 
End Notch Flexure (ENF) Tests
The purpose of the ENF specimen is to determine the critical energy release rate in a pure Mode I1 (shear) loading. This specimen is reported to produce shear loading at the crack tip without introducing excessive friction between the crack surfaces [6]. The ENF geometry was selected to investigate failure in the bondline of a composite-to-metal joint. The geometry of the ENF specimen is shown in Figure 13 .
For a bimaterial beam where the contribution of the adhesive layer is neglected, i.e., a rigid interface between the two adherends, it can be shown using simple beam theory and the definition of the J-integral that where P is the load, w is the specimen width, a, is the initial crack length, (EI)top is the effective bending sti&ess of the top adherend (eg, the composite), (EI)boa,,m is the effective stiffness of the bottom adherend, and (EI)uc is the effective stiffness of an uncracked specimen. Calculations indicate that when the composite is on top, the crack closes and the critical energy release rate Gc = G IIc (assuming frictionless contact), where I1 indicates Mode I1 shear loading. When the aluminum layer is on top a mixed Mode I and Mode I1 loading occurs.
The ENF specimen consists of two dissimilar adherends and an adhesive bond. One adherend is an E-glass/polyester woven fabric composite (Ewq = 4.1 x lo6 psi and Efin = 2.8 x lo6 psi), and the second adherend is 7075 aluminum (E = 10 x lo6 psi); both adherends are 0.25 inch thick. The warp direction of the composite is parallel to the long axis of the specimen. The bondline is Hysol EA-9394 epoxy adhesive of nominal 0.01 8 inch thickness. Sandwich plates (8 inch by 8 inch) from which individual specimens are machined are initially fabricated and cured at room temperature in a press. The aluminum surface is prepared for bonding with a light sandblast followed by cleaning with a trichloroethylene rinse, an alcohol wipe and blow drying; the composite surface is lightly sanded by hand then chemically cleaned in the same manner.
Adhesive is placed between the two plates and final bondline thickness is controlled by pressing to stops.
An initial crack is required in the bondline on one end of the specimen. A sharp natural crack is required and tests were performed on samples in which the initial crack was produced by three different methods. The first is to use a thin slitting saw to cut an ~0 . 0 1 4 inch wide notch of ~1 . 0 inch length into the bondline, then extend as a natural crack by wedging open the bondline. The second method uses a sawn coarse crack that is extended as a natural crack by fatigue (cyclic) loading at 5 Hz in three-point bending. A third method that was tried for producing a natural crack is to use a razor blade to wedge open the specimen without a prior saw cut in the bondline. This last method was not successful in starting the crack in the adhesive or along the interface between the adhesive and composite. The crack developed in the composite near the interface, possibly due to low interlaminar strength of the composite.
Static and fatigue ENF tests were performed in a three-point bend fixture with a support span is 4.0 inches. The initial crack length %, as defined in Figure 13 , is either 1.0 or 0.875 inch.
Static tests are those in which the specimen is taken to failure (crack extension occurs) on the first loading cycle at a crosshead speed of 0.05 inch per minute. Fatigue tests are those in which the specimen is cycled at 5 Hz between maximum and minimum loads (R=. 10) that do not produce crack extension on the initial loading cycle. Changes in specimen compliance and visual inspection are used to monitor crack growth as a function of loading cycles. Both sides of each specimen are painted with a thin coat of white paint (water soluble whiteout); a 6d4Ox microscope is used to periodically inspect for crack extension during a test. Time, number of cycles, specimen mid-span deflection, and load are recorded for each test.
Static ENF specimens fall into six groups that are distinguished by specimen orientation and method used to produce the pre-existing crack. Description of the groups and static test results are listed in Table 6 . The critical strain energy release rate GIIC is calculated from Eq. (4) using specimen dimensions and material properties, the length of the crack a,, from the support point to the crack tip, and the maximum load. It was decided to use group 5 type specimens for ENF fatigue tests. In this group, the natural crack is extended from a saw cut by 5 Hz cyclic loading at a calculated GI, value of 290 J/m2, which is about 35% of GIIc measured in the group 5 static tests. It took between 150 and 750 cycles to grow a natural crack about 0.35 inches beyond the saw cut.
An objective of the ENF fatigue tests is to determine if this test method can be used to characterize resistance of the bimaterial joint to cyclic loading at levels below the static strength (or Gnc) of the joint. A plot of G vs. N, where N is the number of cycles, will be indicative of the fatigue resistance of the specimen. The testing approach is to cycle ENF specimens at 5 Hz with the specimens being loaded to peak Gn values ranging from 200 J/m2 (250 pounds load) to 460 J/m2 (375 pounds load). Recall that the group 5 specimens in static tests had an average critical strain energy value GIIC of about 860 J/m2. The load and mid-span deflection is recorded for every 500th cycle until the test is terminated because either the crack is not growing beyond the initial crack tip or the crack has grown more than 0.10 inches beyond the initial crack tip.
An analysis of the compliance of the bimaterial ENF specimen in 3-point bending indicates that for an initial crack length a,, of 0.875 inch, a change in crack length of 0.10 inch corresponds to a change in mid-span deflection of 0.0005 inch. This analytical result, which is in agreement with experimental compliance values of the ENF specimen, is used to analyze and interpret the fatigue data. That is, the mid-span deflection versus number of fatigue cycles is examined to find the number of cycles N at which the change in mid-span deflection equals 0.0005 inch (and the crack is assumed to have extended 0.10 inch). This value of N is then defined as the critical number of cycles to initiate crack growth for the applied GI, value. If the change in mid-span deflection is less than 0.0005 inch when the test is terminated, the test is a 'runout" and is defined to have no crack growth for the number of cycles in the test. Group 5 type specimen ENF static and fatigue test results for are listed in Table 7 and the results are plotted in Figure 14, The data are limited, however, it appears that the approach described may have merit for examing the fatigue resistance of interlaminar crack growth in bimaterial joints of the type found in wind turbine blades. Changes in beam compliance can be easily detected by monitoring specimen mid-span deflection during cyclic loading. Such changes in compliance are indicative of crack extension resulting from fatigue loading.
CONCLUSIONS
The mechanical tests on Hysol EA-9394 structural adhesive indicate: 1) Initial tension and compression moduli are about 0.60 x lo6 psi and Poisson's ratio is 0.37.
2) Yield strength is strain rate sensitive and increases from 9,250 to 1 1,400 psi as the strain rate increases from 0.00003 to 0.003 s-l.
3) The adhesive exhibits nonlinear viscoelasticity with significant stress relaxation occuring when stress levels approach the material yield strength (34% drop in stress after 30 minutes).
4)
Flexural tests suggest that the compression yield strength exceeds the tensile yield strength. 5) Butt joint tensile strength exhibits a moderate bond thickness dependence. Joint strength decreases 20% as bond thickness increases from 0.025 to 0.100 inch.
)
The adhesive has a relatively high K,, of about 2000 psi 7) ENF tests indicate that fatigue crack growth can occur at small fractions (<35%) of the Mode I1 energy release rate required to initiate cracking under monotonic loading. 
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